This study attempts to elucidate the emission sources and mechanisms of nitrous oxide (N 2 O) during simultaneous nitrification and denitrification (SND) process under oxygen-limiting condition. The results indicated that N 2 O emitted during low-oxygen SND process was 0.8±0.1mgN/gMLSS, accounting for 7.7% of the nitrogen input.
Introduction
Nitrous oxide (N 2 O) is considered as one of the critical greenhouse gas and the dominant ozone-depleting substance emitted in the 21st century (IPCC, 2007) . Thus, the control of its emission has attracted increasingly more attentions over the past decade. It is generally accepted that biological wastewater treatment processes, especially those for enhanced nutrient removal, occupy an important position among However, the individual contribution of the two important biological N 2 O production processes has not been quantified. In addition, it is noteworthy that N 2 O emission during low-oxygen SND process is significantly different from that in conventional nitrification and denitrification processes, taking into account the greatly intensified nitrifier denitrification and heterotrophic denitrification processes. The available results regarding N 2 O emission source during traditional nitrification and denitrification process therefore may not be applicable to low-oxygen SND process. N 2 O emission during low-oxygen SND process is essentially a result of microbial metabolism. A detailed analysis of microbial community is therefore of great importance for better understanding of N 2 O emission mechanisms. N 2 O emission during nitrifier denitrification and heterotrophic denitrification is known to be executed and accomplished by certain bacteria species, mainly ammonia-oxidizing bacteria (AOB) and denitrifiers. However, to date, no published literature is available regarding the relationship between N 2 O emission and its functional bacteria (i.e., AOB and denitrifiers) during low-oxygen SND process.
This study presented an initial attempt to determine the dominant source and mechanisms of N 2 O emission during low-oxygen SND process. To this end, the contributions of nitrifier denitrification and heterotrophic denitrification to N 2 O emission were evaluated by using batch experiments. Furthermore, the community structures of AOB and denitrifiers were investigated using polymerase chain reaction (PCR) -denaturing gradient gel electrophoresis (DGGE) technique, targeting ammonia monooxygenase submit A gene (amoA) and nitrous oxide reductase gene (nosZ), respectively, to gain more detailed insights into the mechanisms of N 2 O emission during low-oxygen SND process.
Material and Methods

SND bioreactor setup and operation
The experiments were conducted in a SND sequencing batch reactor (SBR) which was made of a transparent, rigid plexiglas cylinder with an effective volume of 15 L.
The SBR was operated at room temperature (25±2 C) with a cycle time of 6 h, 
Batch experiments
The use of inhibitors can help to determine the magnitude of the various processes at the origin of nitrous oxide production (Tallec et al., 2006) . Allythiourea (ATU) is a common inhibitor of the first step of nitrification (Hall, 1984) , and the most efficient A mixture of N 2 and air was supplied into the mini bioreactors with the ratio adjusted so as to best simulate the DO variation and hydrodynamic environment in the parent reactor. The off-gas during the experiments was collected into gasbags to quantify the emission amount of N 2 O. Each experiment was triplicated.
Physicochemical analysis
The effluent COD and nutrients concentration of the bioreactor was monitored every five days during the start-up period until the SND efficiency stabilized at a high level (>85%). Nitrogen transformation, carbon conversion (COD and polyhydroxyalkanoates (PHA)) and N 2 O emission were then evaluated. 
Microbial analysis
Once the parent reactor reached steady-state, evidenced by the achieved stable satisfactory SND efficiency, the sludge sample was collected and centrifuged for DNA extraction. As control, the seed sludge in the wastewater treatment plant was also sampled before acclimation to the experimental operating conditions. The total genomic DNA was then extracted using the PowerSoil TM DNA Isolation Kit (MO BIO Laboratories, USA).
Partial gene fragments of amoA and nosZ, which represented AOB and denitrifiers, respectively, were amplified using primers amoA-1F/amoA-2R and nosZ-F /nosZ-1622R. The PCR was conducted as the protocol described by previous literature (Hu et al., 2011) . The PCR product was used for DGGE analysis using the Bio-Rad
Dcode system (Bio-Rad, USA). Electrophoresis was performed at 120 V for 7.5 h in 1×TAE buffer at a constant temperature of 60 C.
Specific bands were excised, washed, and dissolved in sterile water. They were subsequently reamplified with appropriate primes. After being purified using the UNIQ-10 column PCR Purification Kit (Sangon Biotech., China), the PCR amplicons were used for sequencing (Sangon Biotech., Shanghai, China). The obtained sequences were compared with the other available sequences in the GenBank by BLAST search.
Phylogenetic trees were then conducted using the neighbor-joining method with a bootstrap of 1000 replications by using MEGA 4. All amoA and nosZ gene sequences determined in this study have been deposited in GenBank under the accession number from JQ731680 to JQ731700. The Shannon-Wiener index of species diversity (H) was calculated by the following equation:
where, p i represents the intensity proportion of band i in the DGGE profile and s is the total number of bands. Fig. 1 shows the overall performance of the SND SBR during the startup period.
Results and discussion
Performances of the SND SBR
COD was easily removed and the effluent concentration was kept in the range of 18.8-36.5 mg/L during the whole startup period (Fig. 1a) . The removal of TP was unsatisfactory in the first two months. It was mainly because that the phosphorus accumulating organisms (PAOs) were not well enriched and the uptake of phosphorus was insufficient under low-oxygen condition. The effluent TP concentration decreased with the acclimation of activated sludge to low-oxygen condition as well as the enrichment of PAOs and possible denitrifying phosphorus accumulating organisms (DPAOs). The dominance of nitrifier denitrification in N 2 O emission during low-oxygen SND process can be partially explained from the following two aspects:
Firstly, denitrification of AOB would be more favorable at low-oxygen condition.
Oxygen stress is important for nitrifier denitrification. Colliver and Stephenson (2000) found that the N 2 O yield under oxygen limiting conditions by N. europaea, which was probably the most representative nitrifier, was 3-5 times higher than that at fully aerated conditions. As delineated and discussed in details later (Section 3.3), the low DO concentration in this study resulted in a substantial change of AOB community and thus an enhanced nitrifier denitrification.
Secondly, heterotrophic denitrification could be partially inhibited due to the limited carbon source in the aerobic stage. As shown in Fig. 2 , COD concentration was less than 36.5 mg/L over the aerobic stage. Although intracellular storage compounds could be used as carbon source for heterotrophic denitrification, the efficiency of heterotrophic denitrification would be greatly limited because most of the PHA was used for phosphorus uptake firstly. was similar to that in the low-oxygen SND reactor (Fig. 3A) . The Shannon-Wiener index (H) was calculated to be 2.5 and 2.4 for control and SND sample, respectively, indicating that the species diversity of two samples was similar. The phylogenetic tree of denitrifiers based on the nosZ gene showed that all the sequences belonged to the alpha-proteobacteria and beta-proteobacteria (Fig. 4) . The community of denitrifiers was similar to the previous reported sequences retrieved from common activated The results indicated that low-oxygen condition had no significant impact on denitrifier community. It was because most of the denitrifiers can cope with low oxygen condition by using NO 3 -as an alternative electron acceptor in respiration instead of oxygen. Moreover, denitrifiers mainly locate inside of activated sludge flocs, usually facing oxygen-transfer limitation. They are thus less sensitive to the decrease of oxygen.
Compared with the unchanged denitrifier community, the composition of AOB community was found to be significantly affected by the oxygen level. It can be seen from Fig. 3B that the AOB community in the low-oxygen SND sample was more complex than that in the control sample. The diversity of AOB (H = 2.9) in the low-oxygen SND sample was higher than that in the control sample (H = 2.1).
Apparently, some new AOB sequences were enriched under low-oxygen condition due to the different oxygen affinity of each AOB species.
Based on the amoA gene sequencing, the phylogenetic tree of AOB communities was constructed ( 
Conclusions
During low-oxygen SND process, the nitrogen input was converted to higher amount of N 2 O than that in the conventional nitrification and denitrification processes.
Nitrifier denitrification was identified to be the dominant source of N 2 O emission (e.g. more than two times higher than that of heterotrophic denitrification). The dominant role of nitrifier denitrification was caused by the change of AOB community. The microbial community composition of AOB was affected significantly by the low oxygen condition and AOB species which were capable of conducting denitrification, i.e., N. europaea and Nitrosomonas-like, were enriched during low-oxygen SND process. 
